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,Q WKH DWPRVSKHUH KHDWLQJ DQG FRROLQJ ZLWKLQ D ERXQGDU\ OD\HU GXH WR WKH VRODU F\FOH GXULQJ D GD\ UHVXOWV LQ
WHPSHUDWXUHGLIIHUHQFHVZKLFKLQWURGXFHEXR\DQF\IRUFLQJ(VSHFLDOO\DFRQYHFWLYHERXQGDU\OD\HU&%/FDSSHG
E\ WHPSHUDWXUH LQYHUVLRQ LVRQHRI WKHFRPPRQFDVHVRIDWPRVSKHULFERXQGDU\ OD\HUVGXULQJGD\WLPHFRQGLWLRQV
)RUVLPXODWLQJSOXPHGLVSHUVLRQXQGHUYDULRXVWKHUPDOFRQGLWLRQVWKHUHDUHW\SLFDOO\WZRDSSURDFKHVRQHLVDZLQG
WXQQHO H[SHULPHQWDO WHFKQLTXH DQG WKH RWKHU LV D QXPHULFDO VLPXODWLRQ EDVHG RQ FRPSXWDWLRQDO IOXLG G\QDPLFV
&)',W LVZHOONQRZQWKDWZLQGWXQQHOH[SHULPHQWVDUHDUHOLDEOH WRRO5HFHQWO\ZLQGWXQQHOH[SHULPHQWVKDYH
EHHQFRQGXFWHG WR LQYHVWLJDWH WKH LQIOXHQFHRIDFRQYHFWLYHERXQGDU\ OD\HUFDSSHGE\D WHPSHUDWXUH LQYHUVLRQRQ
SOXPHGLVSHUVLRQEHKDYLRXUVRIDFRQWDPLQDQWJDVDQGUHODWLYHUHOHDVHKHLJKWWRWKHFDSSLQJLQYHUVLRQKHLJKWRQWKH
ORQJLWXGLQDO GLVWULEXWLRQ SDWWHUQV RI FRQFHQWUDWLRQ )HGRURYLFK DQG 7KDWHU  +RZHYHU WKHVH VWXGLHV KDYH
IRFXVHGRQWKHFKDUDFWHULVWLFVRISOXPHGLVSHUVLRQXQGHUDFHUWDLQWKHUPDOFRQGLWLRQ&%/IORZVKDYHVKHDUDQGRU
EXR\DQF\GULYHQIORZVGHSHQGLQJRQDWPRVSKHULFVWDELOLW\FRQGLWLRQV7KHLQIOXHQFHRI&%/VRQSOXPHGLVSHUVLRQ
EHKDYLRXUVKDVQRWEHHQIXOO\GLVFXVVHGGHSHQGLQJRQWKHUPDOFRQGLWLRQV
2Q WKH RWKHU KDQG ZLWK WKH UDSLG GHYHORSPHQW RI FRPSXWDWLRQDO WHFKQRORJ\ WKH &)' XVLQJ ODUJHHGG\
VLPXODWLRQ /(6 WHFKQLTXHKDVEHHQ HYROYLQJ DV DQ DOWHUQDWLYH WRZLQG WXQQHO H[SHULPHQWV/(6PRGHOV UHVROYH
ODUJHVFDOHWXUEXOHQWPRWLRQVDQGPRGHORQO\VPDOOVFDOHPRWLRQVZKLFKKDVEHHQUHFRJQL]HGDVDKHOSIXOWRROIRU
SURYLGLQJDEHWWHUXQGHUVWDQGLQJRIWKHSK\VLFDOPHFKDQLVPRIDLUIORZPRWLRQVKHDWDQGPDVVWUDQVIHU
,QWKLVVWXG\ZHSHUIRUP&)'VLPXODWLRQVRIYDULRXV&%/IORZVFDSSHGE\DWHPSHUDWXUHLQYHUVLRQXVLQJ/(6
WHFKQLTXH DQG FRPSDUH WKH FRPSXWHG UHVXOWV ZLWK WKH H[SHULPHQWDO ZLQG WXQQHO GDWD 7KHQ ZH FDWHJRUL]H
GLVWULEXWLRQSDWWHUQVRISOXPHFRQFHQWUDWLRQVGHSHQGLQJRQYDULRXVDWPRVSKHULFVWDELOLW\FRQGLWLRQV
1XPHULFDOPHWKRG
2.1 Dataset of wind tunnel experiments
,QWKLVVWXG\ZHFRPSDUHIRXUW\SHVRI&%/IORZVZLWKDWHPSHUDWXUHLQYHUVLRQE\2K\DDQG8FKLGDZLWK
H[SHULPHQWDO GDWD 7KH H[SHULPHQWDO FRQGLWLRQV DUH VKRZQ LQ 7DEOH  7KH 5H\QROGV QXPEHUV Re GHILQHG DV
QiZUf DUHDQGIRUFDVHVDQGUHVSHFWLYHO\+HUH fU  iZ DQGQ DUHWKH
IUHHVWUHDP YHORFLW\ LQYHUVLRQ KHLJKW DQG NLQHPDWLF YLVFRVLW\ FRHIILFLHQW UHVSHFWLYHO\ 7KH EXON 5LFKDUGVRQ
QXPEHUV bRi GHILQHGDV  f4'4 UgZi DUH±DQGIRUWKHIRXUFDVHVUHVSHFWLYHO\+HUH g 
4  DQG'4 DUH JUDYLWDWLRQDO DFFHOHUDWLRQ DYHUDJH DEVROXWH WHPSHUDWXUH LQ WKH ERXQGDU\ OD\HU DQG WHPSHUDWXUH
GLIIHUHQFHEHWZHHQWHPSHUDWXUHRIDPELHQWDLU f4 DQGVXUIDFHWHPSHUDWXUH s4 
,QWKHLUH[SHULPHQWVILUVWDLUIORZZLWKDWHPSHUDWXUHSURILOHZDVLPSRVHGDWWKHHQWUDQFHRIWKHWHVWVHFWLRQ7KH
FRQYHFWLYHERXQGDU\OD\HUZDVSURGXFHGE\DQREVWDFOHDQGWKHHQWLUHIORRUZDVKHDWHG,QWKHLUVWXG\WXUEXOHQFH
FKDUDFWHULVWLFVREWDLQHGDWDGRZQZLQGGLVWDQFHRI iZ IURPWKHWH[WVHFWLRQZDVLQYHVWLJDWHG

7DEOH([SHULPHQWDODQGFRPSXWDWLRQDOFRQGLWLRQV
0HWKRG 3DUDPHWHU &DVH &DVH &DVH &DVH
([SHULPHQW
5H]L    
5H]L    
/(6
5H]L    
5H]L    
2.2 Numerical model
7KHPRGHO XVHG KHUH LV D /2FDOVFDOH+LJKUHVROXWLRQ DWPRVSKHULF',VSHUVLRQ0RGHO XVLQJ /(6 /2+',0
/(6 GHYHORSHG E\ WKH -DSDQHVH $WRPLF (QHUJ\ $JHQF\ 1DND\DPD HW DO  7KH EDVLF HTXDWLRQV DUH WKH
ILOWHUHG FRQWLQXLW\ DQG 1DYLHU6WRNHV HTXDWLRQ WKH WHPSHUDWXUH WUDQVSRUW HTXDWLRQ XQGHU WKH %RXVVLQHVT
DSSUR[LPDWLRQDQGFRQFHQWUDWLRQWUDQVSRUWHTXDWLRQ7KHVXEJULGVFDOH6*6WXUEXOHQWHIIHFWLVUHSUHVHQWHGE\WKH
VWDQGDUG6PDJRULQVN\PRGHOZLWKDFRQVWDQWYDOXHRI
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7KH6*6 VFDODU IOX[ LV DOVR SDUDPHWHUL]HGE\ DQ HGG\YLVFRVLW\PRGHO DQG WKH WXUEXOHQW3UDQGWO DQG6FKPLGW
QXPEHUVDUHERWKFRQVWDQWYDOXHVRI
7KH FRXSOLQJ DOJRULWKP RI WKH YHORFLW\ DQG SUHVVXUH ILHOGV LV EDVHG RQ WKH PDUNHUDQGFHOO PHWKRG ZLWK WKH
VHFRQGRUGHU$GDPV%DVKIRUWKVFKHPHIRUWLPHLQWHJUDWLRQ7KH3RLVVRQHTXDWLRQLVVROYHGE\WKHVXFFHVVLYHRYHU
UHOD[DWLRQPHWKRG)RU WKH VSDWLDOGLVFUHWL]DWLRQ LQ WKHEDVLFHTXDWLRQVD VHFRQGRUGHUDFFXUDWHFHQWUDOGLIIHUHQFH
VFKHPH LV XVHG +RZHYHU IRU WKH DGYHFWLRQ WHUP RI WKH FRQFHQWUDWLRQ WUDQVSRUW HTXDWLRQ FXELF LQWHUSRODWHG RI
SVHXGRSDUWLFOHV7DNHZDNLHWDOLVXVHG
2.3 Computational settings
7KHDSSURDFKWRJHQHUDWH&%/IORZVE\DWHPSHUDWXUHLQYHUVLRQLVWKHVDPHDVLQRXUSUHYLRXVVWXG\1DND\DPD
HWDO)LUVWDGULYHUUHJLRQLVVHWWRJHQHUDWHDEDVLFWXUEXOHQWERXQGDU\OD\HUIORZE\DUHF\FOLQJWHFKQLTXH
RI .DWDRND DQG0L]XQR  DW WKH XSVWUHDP SDUW RI WKHPRGHO GRPDLQ $W WKH LQOHW ERXQGDU\ DPHDQZLQG
YHORFLW\ SURILOH RI WKH SRZHU ODZ  LV LPSRVHG $W WKH UHF\FOH VWDWLRQ D QHDUO\ WDUJHW WHPSHUDWXUH SURILOH LV
LPSRVHGDQG&%/IORZVDUHVSDWLDOO\GHYHORSHG

)LJ1XPHULFDOPRGHOIRUSOXPHGLVSHUVLRQLQWKHUPDOO\VWUDWLILHGERXQGDU\OD\HUV
)RUWKHYHORFLW\ILHOGWKH6RPPHUIHOGUDGLDWLRQFRQGLWLRQLVDSSOLHGDWWKHH[LW$WWKHWRSDIUHHVOLSFRQGLWLRQLV
LPSRVHGIRUVWUHDPZLVHDQGVSDQZLVHYHORFLW\FRPSRQHQWVDQGWKHYHUWLFDOYHORFLW\FRPSRQHQWLVVHWWREH]HUR$W
WKH VLGHDSHULRGLFFRQGLWLRQ LV LPSRVHG$W WKHJURXQGVXUIDFHDQRVOLSFRQGLWLRQ LV LPSRVHGIRUHDFKYHORFLW\
FRPSRQHQW )RU WHPSHUDWXUH DQG FRQFHQWUDWLRQ ILHOGV D ]HURJUDGLHQW FRQGLWLRQ LV LPSRVHG DW DOO ERXQGDULHV
+RZHYHUIRUWKHWHPSHUDWXUHILHOGWKHVXUIDFHWHPSHUDWXUHLVVHWWR f4 7KHWLPHVWHSLQWHUYDO iZtUf' LVDERXW
 t' WLPHVWHS7KHOHQJWKRIWKHVLPXODWLRQUXQWRFDOFXODWHWKHWLPHDYHUDJHGYDOXHV iZTUf TDYHUDJLQJ
WLPHLV7KHOHQJWKRIWKHVLPXODWLRQUXQEHIRUHUHOHDVLQJDSOXPHLV
7KHPRGHOVL]HDQGWKHQXPEHURIJULGSRLQWVDUH iZ î iZ î iZ DQGîîLQWKHVWUHDPZLVH
VSDQZLVHDQGYHUWLFDOGLUHFWLRQVUHVSHFWLYHO\7KHVWUHDPZLVHDQGVSDQZLVHJULGVSDFLQJLVXQLIRUPDQGWKHYHUWLFDO
JULGVSDFLQJ LVVWUHWFKHGIURP iZ WR iZ IRUHDFKFDVH 5H DQG bRi DUHVHW WRQHDUO\ WKHVDPHYDOXHVDV
WKRVHRIWKHH[SHULPHQWVVKRZQLQ7DEOH7KHUHOHDVHSRLQWRIDWUDFHUJDVLVVHWDWDGRZQZLQGGLVWDQFHRI iZ 
GRZQVWUHDPIURPWKHLQOHWERXQGDU\DQGHOHYDWHGZLWKDKHLJKWRI  iZz IRUHDFKFDVH
5HVXOWV
3.1 Flow field
)LJXUHFRPSDUHVWKH/(6UHVXOWVRIWXUEXOHQFHVWDWLVWLFVZLWKWKHH[SHULPHQWDOGDWDVKRZQE\2K\DDQG8FKLGD
 mU DQG m4 DUHPHDQZLQGYHORFLW\DQG WHPSHUDWXUH LQ WKH UDQJHZKHUH WKRVHYDOXHVDUHFRQVWDQW LQ WKH
PLGGOHSDUWRI WKH&%/ *w LV WKHFRQYHFWLYHYHORFLW\VFDOHGHILQHGDV   4GsgQ +HUH sQ LV WKHPD[LPXP
YDOXHRIYHUWLFDOKHDWIOX[ 

Tw QHDUDJURXQGVXUIDFH7KHFKDUDFWHULVWLFVVXFKDVDQHDUO\FRQVWDQWSURILOHRIPHDQ
YHORFLW\DQGWHPSHUDWXUHLQWKHPDLQSDUWRIWKH&%/DUHLQJRRGDJUHHPHQWZLWKWKHH[SHULPHQWDOGDWD7KH/(6
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UHVXOWVRI5H\QROGVVWUHVVDUHXQGHUHVWLPDWHGHVSHFLDOO\IRUFDVHVDQG+RZHYHUWKHWHQGHQF\WRGHFUHDVHZLWK
GHFUHDVHRI bRi LVWKHVDPHDVWKHH[SHULPHQWDOGDWD7KH/(6UHVXOWVRIYHUWLFDOKHDWIOX[LQFUHDVHLQWKHPDLQSDUW
RIWKH&%/ZLWKGHFUHDVHRI bRi 7KLVWHQGHQF\LVDOVRWKHVDPHDVWKHH[SHULPHQWDOGDWD7KHVHIDFWVLQGLFDWHWKDW
WKH/(6PRGHOSURYLGHVSK\VLFDOO\UHDVRQDEOHUHVXOWVGHSHQGLQJRQDWPRVSKHULFVWDELOLW\FRQGLWLRQV
,QLGHQWLI\LQJWXUEXOHQFHUHJLPHLQWKH&%/IORZVZLWKVKHDUDQGRUEXR\DQF\GULYHQIORZVWKHUDWLRRI u WR
*w LVXVXDOO\HVWLPDWHG+HUH u LVWKHIULFWLRQYHORFLW\DQGHVWLPDWHGIURPWKHPD[LPXPYDOXHRIWKH5H\QROGV
VWUHVVQHDU WKHVXUIDFH)RUH[DPSOH)HGRURYLFKHWDO PHQWLRQHG WKDWVKHDUIUHHFRQYHFWLYHIORZVEHFRPH
GRPLQDQWIRU  wu DQGORQJLWXGLQDOUROOVWKDWDUHRIWHQREVHUYHGLQWKHVKHDUGULYHQIORZVEHJLQWRIRUPIRU
 wu !2K\DDQG8FKLGDDOVRPHQWLRQHGWKDWWKHFULWLFDOYDOXHWKDWFDQGLYLGH&%/IORZVLQWRWZR
WXUEXOHQFHUHJLPHVLVDURXQGIURPH[SHULPHQWV,QRXU/(6WKHYDOXHVRI  wu DUHDQG
IRU FDVHV    DQG  UHVSHFWLYHO\ 7KHUHIRUH IURP WKH FULWLFDO YDOXH VKRZQ E\2K\D DQG8FKLGD ZH
FRQVLGHUWKHVLPXODWHG&%/IORZVWREHZHDNO\XQVWDEOHZKHUHVKHDUGULYHQIORZVDUHGRPLQDQWIRUFDVHVDQG
DQGVWURQJO\XQVWDEOHZKHUHEXR\DQF\GULYHQIORZVDUHGRPLQDQWIRUFDVHVDQG

)LJ9HUWLFDOSURILOHVRIDPHDQYHORFLW\E5H\QROGVVWUHVVFPHDQWHPSHUDWXUHDQGGYHUWLFDOKHDWIOX[
3.2 Dispersion field
)LJXUH  VKRZV LQVWDQWDQHRXV SOXPH GLVSHUVLRQ ILHOGV IRU HDFK FDVH ,Q HDFK FDVH WKH XSZDUG VSUHDGV RI WKH
SOXPHDUHIRXQGFRQVWUDLQHGE\EORFNLQJHIIHFWRIWKHFDSSLQJLQYHUVLRQ+RZHYHUWKHSOXPHLVUDSLGO\GLVSHUVHG
GRZQZDUGVIRUVWURQJO\XQVWDEOHFRQGLWLRQVFDVHVDQGZKLOHWKHGRZQZDUGVSUHDGVDUHFRPSDUDWLYHO\VPDOOIRU
ZHDNO\ XQVWDEOH FRQGLWLRQV FDVHV  DQG  )LJXUHV  DQG  VKRZ YHUWLFDO SURILOHV RIPHDQ FRQFHQWUDWLRQV DQG
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YHUWLFDOFRQFHQWUDWLRQIOX[HVDWHDFKGRZQVWUHDPSRVLWLRQ)RUZHDNO\XQVWDEOHFRQGLWLRQVWKHGRZQZDUGVSUHDGVRI
WKHSOXPHJUDGXDOO\EHFRPHODUJHZLWKGRZQZLQGGLVWDQFH7KHVKDSHRIWKHYHUWLFDOFRQFHQWUDWLRQIOX[HVLVQHDUO\
QRQ V\PPHWULF DQG VKRZV VKDUS SHDN DW WKH UHOHDVH KHLJKW DW HDFK GRZQVWUHDP SRVLWLRQ2Q WKH RWKHU KDQG IRU
VWURQJO\XQVWDEOHFRQGLWLRQV WKHGRZQZDUGSOXPHVSUHDGVUDSLGO\EHFRPH ODUJHZLWKGRZQZLQGGLVWDQFHDQG WKH
WRXFKGRZQLVREVHUYHGIRU[]L7KHVKDSHRIYHUWLFDOFRQFHQWUDWLRQIOX[HVEHFRPHVQHDUO\XQLIRUPLQWKHPDLQ
SDUWRIWKH&%/IRU[]LGXHWRWKHDFWLYHYHUWLFDOWXUEXOHQWWUDQVSRUW

)LJ,QVWDQWDQHRXVSOXPHGLVSHUVLRQILHOGV&RORUHGFRQWRXUVLQGLFDWHLQVWDQWDQHRXVFRQFHQWUDWLRQYDOXHVQRUPDOL]HGE\VRXUFHFRQFHQWUDWLRQ

)LJ9HUWLFDOSURILOHVRIPHDQFRQFHQWUDWLRQVDWHDFKGRZQVWUHDPSRVLWLRQ

)LJ9HUWLFDOSURILOHVRIYHUWLFDOFRQFHQWUDWLRQIOX[HVDWHDFKGRZQVWUHDPSRVLWLRQ
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&RQFOXVLRQV 
:HSHUIRUPHG/(6VRI&%/IORZVFDSSHGE\DWHPSHUDWXUHLQYHUVLRQZLWKDZLGHUDQJHRIDWPRVSKHULFVWDELOLW\
FRQGLWLRQVDQGFRPSDUHGLWZLWKZLQGWXQQHOH[SHULPHQWDOGDWD$OWKRXJKVRPHRIWKHWXUEXOHQFHFKDUDFWHULVWLFVDUH
TXDQWLWDWLYHO\ GLIIHUHQW IURP WKH H[SHULPHQWDO GDWD WKH GLVWULEXWLRQ SDWWHUQV GHSHQGLQJ RQ DWPRVSKHULF VWDELOLW\
FRQGLWLRQV DUH JHQHUDOO\ WKH VDPH DV WKRVH RI WKH H[SHULPHQWV 7KHQ ZH LQYHVWLJDWHG WKH LQIOXHQFH RI VWDELOLW\
FRQGLWLRQV RQ SOXPH GLVSHUVLRQ EHKDYLRXUV )RU ZHDNO\ XQVWDEOH FRQGLWLRQV ZLWK  wu !  WKH GRZQZDUG
VSUHDGVRIWKHSOXPHJUDGXDOO\EHFRPHODUJHZLWKGRZQZLQGGLVWDQFH7KHVKDSHRIYHUWLFDOFRQFHQWUDWLRQIOX[HVLV
QHDUO\ DQWLV\PPHWULF DW WKH UHOHDVHKHLJKW DW HDFKGRZQVWUHDPSRVLWLRQ2Q WKHRWKHUKDQG IRU VWURQJO\XQVWDEOH
FRQGLWLRQVZLWKXZ WKRVH UDSLGO\EHFRPH ODUJHZLWKGRZQZLQGGLVWDQFH7KH WRXFKGRZQRI WKHSOXPH LV
REVHUYHG IRU []L7KH YHUWLFDO FRQFHQWUDWLRQ IOX[SURILOHV EHFRPHQHDUO\ XQLIRUP LQ WKHPDLQ SRUWLRQRI WKH
&%/GXHWR WKHDFWLYHYHUWLFDO WXUEXOHQW WUDQVSRUW,WFDQEHFRQFOXGHGIURPWKHVHUHVXOWV WKDW WKHFULWLFDOYDOXHRI
XZLQZKLFKWKHSDWWHUQVRISOXPHGLVSHUVLRQDUHGLIIHUHQWGHSHQGLQJRQDWPRVSKHULFVWDELOLW\FRQGLWLRQVLVDURXQG

$FNQRZOHGJHPHQW
7KHVWXG\LVSDUWO\VXSSRUWHGE\-636.$.(1+,*UDQW
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